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ABSTRACT
Design and Control of a Smart Fin using Piezoelectric Actuators
by
Surya Kiran Parimi
Dr. Woosoon Yim, Examination Committee Chair 
Professor of Mechanical Engineering 
University of Nevada, Las Vegas 
and
Dr. Mohamed B. Trabia, Examination Committee Chair 
Professor of Mechanical Engineering 
University of Nevada, Las Vegas
The objective of this research work is to design and implement control algorithms for 
smart fin of a projectile, which is currently under development in the Army Research 
Laboratory (ARL). The smart fin is used to maneuver small aerial vehicles by controlling 
the rotation angle of the fin. The fin is activated by a composite laminated plate that has 
two active piezoelectric layers. The prototype of the smart fin is assembled using Macro 
Fiber Composite (MFC actuator model M8557, Smart Material Co).
Control algorithms for rotating the fin when subject to external aerodynamic forces 
are proposed. These controllers use a finite element model of the system. The three 
controllers are designed using Integral, Adaptive and Fuzzy Logic techniques 
respectively. Effects of Aerodynamic forces and uncertainties are included in these 
controllers.
Ill
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An experimental setup of the fin and actuator has been made for verifying and 
implementing the controllers with a real-time controller (dSPACE DS1102 controller 
board), which can be interfaced with the code developed in MATLAB and Simulink. 
Final tuning of the model is done using experimental data.
IV
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
TABLE OF CONTENTS
ABSTRACT............................................................................................................................ iii
LIST OF FIGURES............................................................................................................... vii
ACRONYMS AND ABBREVIATIONS............................................................................. ix
ACKNOWLEDGMENTS......................................................................................................xi
CHAPTER I INTRODUCTION...........................................................................................1
1.1 Literature review.................................................................................................... 2
1.2 Definition of the problem.......................................................................................7
1.3 Organization.......................................................................................................... 10
CHAPTER 2 MACRO FIBER COMPOSITE ACTUATOR........................................... 11
2.1 Macro Fiber Composite (MFC).......................................................................... 11
2.2 Mechanics of MFC actuator.................................................................................13
2.2.1 Single morph actuator................................................................................... 13
2.2.2 Bi-morph actuator..........................................................................................15
CHAPTER 3 DYNAMIC MODEL.................................................................................... 17
3.1 Finite Element Approach..................................................................................... 17
3.2 Aerodynamic Moment......................................................................................... 22
CHAPTER 4 FUZZY LOGIC CONTROL.........................................................................25
4.1 Fuzzy Logic Controller Structure...................................................................... 25
4.2 Fuzzy Logic Controller using HFSGA.............................................................. 26
4.2.1 Fuzzy Logic Controller Rules...................................................................... 26
4.2.2 Gaussian Membership Functions................................................................. 27
4.2.3 Tuning of fuzzy controller based on HFSGA............................................. 28
4.2.4 Simulation Results........................................................................................ 31
4.2.5 Robustness of the controller......................................................................... 34
4.3 Inverse Dynamics based Fuzzy controller......................................................... 35
4.3.1 Fuzzy Logic Controller Rules...................................................................... 35
4.3.2 Gaussian Membership Functions................................................................. 36
4.3.3 Defining the ranges of the variables using inverse dynamics....................38
4.3.4 Simulation Results........................................................................................40
4.3.5 Robustness of the controller......................................................................... 43
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 5 ADAPTIVE CONTROL...............................................................................45
5.1 Background...........................................................................................................45
5.2 Controller design...................................................................................................46
5.3 Simulation results..................................................................................................51
CHAPTER 6 EXPERIMENTAL RESULTS......................................................................54
6.1 Overall System......................................................................................................54
6.2 System identification........................................................................................... 56
6.3 Load generated by the actuator........................................................................... 57
6.4 Integral controller  ....................................................................................... 59
6.5 Adaptive controller.............................................................................................. 60
6.6 Fuzzy controller using HFSGA.......................................................................... 62
CHAPTER 7 CONCLUSIONS AND FUTURE WORK................................................. 64
7.1 Conclusions...........................................................................................................64
7.2 Future Work..........................................................................................................65
APPENDIX A - EXPERIMENTAL APPARATUS...........................................................67
A. 1 Voltage amplifier..................................................................................................67
A.2 MFC Actuator.......................................................................................................67
A.3 Rapid prototyping machine..................................................................................68
A.4 Encoder................................................................................................................. 68
A.5 Optical displacement sensor................................................................................69
A.6 dSPACE DS-1102 Controller board................................................................... 69
APPENDIX B -  MATLAB® CODE..................................................................................... 70
B.l test_flc.m............................................................................................................... 70
B.2 smart_fin_hinged_em_plot.m..............................................................................70
B.3 mexi.m.................................................................................................................. 75
B.4 kexi.m.................................................................................................................... 76
B.5 fexi.m.................................................................................................................... 77
B.6 felresp_mod.m......................................................................................................77
BIBLIOGRAPHY.................................................................................................................. 79
VITA........................................................................................................................................83
VI
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
LIST OF FIGURES
Figure 1.1 Schematic of a smart munition...................................................................... 9
Figure 1.2 CAD model of smart fin.................................................................................9
Figure 1.3 Piezoelectric actuator embedded inside the body of the fin
creating rotation of the fin ........................................................................... 10
Figure 2.1 Piezoelectric actuator assembly, [39].......................................................... 11
Figure 2.2 Schematic of single morph actuator............................................................ 13
Figure 2.3 Cross section of the piezoactuator glued to a substrate..............................14
Figure 2.4 Bimorph actuator...........................................................................................15
Figure 2.5 Cross section of the bimorph piezoactuator................................................16
Fi gure 3.1 Fin-beam model.............................................................................................18
Figure 3.2 Beam element................................................................................................ 19
Figure 3.3 Cross section of the piezoactuator glued to a substrate............................. 20
Figure 3.4 Cross section of the bimorph piezoactuator...............................................21
Figure 3.5 Aerodynamic moment data (Source: ARL’s CFD analysis)..................... 23
Figure 3.6 Linearized aerodynamic moment................................................................ 23
Figure 4.1 Fuzzy controller structure.............................................................................25
Figure 4.2 Typical Gaussian membership curves for controller output,
change in voltage (du)................................................................................. 28
Figure 4.3 Fuzzy controller tuning................................................................................31
Figure 4.4 Fuzzy surface.................................................................................................32
Figure 4.5 Fin angle of 5 degree and angle of attack 0 degree....................................33
Figure 4.6 Fin angle of 5 degree and angle of attack 0 degree....................................33
Figure 4.7 Fin angle of 10 degree and angle of attack 10 degree................................34
Figure 4.8 Fin angle of 10 degree and angle of attack 10 degree................................35
Figure 4.9 Typical Gaussian membership functions for controller output,
change in voltage (du)................................................................................. 37
Figure 4.10 Fin angle of 10 degree and angle of attack 5 degree..................................41
Figure 4.11 Fin angle of 10 degree and angle of attack 5 degree..................................42
Figure 4.12 Fin angle of -5 degree and angle of attack 10 degree.................................42
Figure 4.13 Fin angle of -5 degree and angle of attack 10 degree................................ 43
Figure 4.14 Fin angle of 10 degree and angle of attack 5 degree with 3 times
aerodynamic moment b/w 2 and 3 seconds................................................44
Figure 4.15 Fin angle of 10 degree and angle of attack 5 degree with 3 times
aerodynamic moment b/w 2 and 3 seconds................................................44
Figure 5.1 Fin angle of 3 degree and angle of attack -5 degree...................................52
Figure 5.2 Fin angle of 3 degree and angle of attack -5 degree...................................52
Figure 5.3 Fin angle of 3 degree and angle of attack 5 degree....................................53
Figure 5.4 Fin angle of 3 degree and angle of attack 5 degree....................................53
Figure 6.1 Overall system...............................................................................................54
vu
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 6.2 Experimental setup....................................................................................... 55
Figure 6.3 Actuator hinged at one end and fixed at the other end...............................56
Figure 6.4 System identification, three poles, one zero................................................56
Figure 6.5 Load sensor setup..........................................................................................57
Figure 6.6 Load curve for various actuator configurations......................................... 58
Figure 6.7 Substrate with 10 slots.................................................................................. 58
Figure 6.8 MATLAB/Simulink block diagram of Integral controller.........................59
Figure 6.9 Reference fin angle of 3 degree with integral control................................60
Figure 6.10 MATLAB/Simulink block diagram of Adaptive controller...................... 61
Figure 6.11 Reference fin angle of 3 degree with adaptive control...............................62
Figure 6.12 MATLAB/Simulink block diagram of Fuzzy controller........................... 63
Figure 6.13 Reference fin angle of 3 degree with fuzzy control...................................63
Figure 7.1 Single, bimorph and stacked double configurations..................................66
Figure 7.2 Effect of Young’s modulus and thickness of substrate over fin
angle rotation................................................................................................66
vm
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ACRONYMS AND ABBREVIATIONS
Acronyms
3-D Three Dimensional
ADC Analog to Digital Channel
AOA Angle of Attack
ARL Army Research Laboratory
Btu British Thermal Unit
CAD Computer Aided Design
CFD Computational Fluid Dynamics
DAC Digital to Analog Channel
DAP Directionally Attached Piezoelectric elements
DSP Digital Signal Processor
GmbH Gesellschaft Mit Beschrankter Haftung (German: Limited Liability
Company)
GN&C Guidance, Navigation and Control
HFSGA Hybrid Fuzzy Simplex Genetic Algorithm
MATLAB MATrix LABoratory (software)
MFC Macro Fiber Composite
NB Negative Big
NM Negative Medium
NS Negative Small
PB Positive Big
PI Performance Index
PID Proportional Integral Derivative
PM Positive Medium
PS Positive Small
Z Zero
IX
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Abbreviations
b Width of the substrate
ds3 Piezoelectric constant
du Change in voltage
ep Fin angle error
GvP Fin angular rate error
Eb Young’s modulus of the substrate
Ep Young’s modulus of the piezo film
El Flexural rigidity
F Force matrix
hb Thickness of the substrate
bp Thickness of the piezo film
lb Pound
Jf Mass moment of inertia of the fin
K Stiffness matrix
KE Kinetic energy
L Length of the beam
M Mass matrix
PE Potential energy
PZT Lead Zirconate Titanate
sec Seconds
V Voltage
w Tip displacement
a Angle of attack
P Fin angle
8 Strain
P Density
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ACKNOWLEDGMENTS
I would like to sincerely and wholeheartedly thank Dr. Mohamed B. Trabia and Dr. 
Woosoon Yim for their guidance and kindness throughout this work. Their patience as 
advisors, boundless energy while teaching, promptness while reviewing all my writing, 
and passion for research are to be commended and worth emulating. I am indebted to 
them for cajoling me into doing experiments and thus opening a whole new exciting 
world for me.
I thank Dr. Sahajendra Singh and Dr. Ajit K. Roy for making time in their busy 
schedules to serve on my committee and for enhancing my knowledge by their 
counseling and comments at various stages of research work. Moreover, I would also like 
to thank Dr. Yim and Dr. Singh for their excellent teaching.
Most importantly, I would like to thank my parents, Rama Rao and Krishna Kumari, 
brother, Shiva, aunt, Parvathi Lakshmi, and cousins, Prasad, Raja, Sumanth, for their 
unconditional support, love, and affection. Their encouragement and neverending 
kindness made everything easier to achieve. Let it be known that this thesis, every work I 
have ever done, and every work I will ever do is solely dedicated to my parents and aunt.
A special thanks to my colleagues Vijaysarathy, Prashanth, Jamil M. Renno, Masoud 
Fegghi, Kofi Cobbinah, Brinda Holur Venkatesh, and Smitha Mani. Thanks are also due 
to Suresh, Rama Sekhar, Narendra Kothapalli, and many others for their friendship.
XI
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 1 
INTRODUCTION
In recent years there has been a growing interest in using intelligent materials in 
various types of structures and structural members. Once embedded into the host 
structure, the intelligent material provides a wide range of abilities to induce or to sense 
strain. These abilities make the intelligent materials a most adequate solution to various 
applications, such as dynamic actuation, vibration control, or attenuation of acoustically 
generated noise. Another common application of these materials is in the shape control of 
various types of metallic or laminated beam, plate, and shell structures. A third 
application, which has received much attention in the recent years, involves twist 
actuation of various types of aircraft structural members, such as wings, fins, canards, or 
rotor blades.
The advantages of this approach are mainly due to the integration of the actuator into 
the structural member itself, thus saving the space required for servomotors, force 
transmission devices, or hydraulic systems. This advantage becomes even more important 
when small aerial vehicles, such as unmanned aircraft, small missiles, guided munitions, 
and projectiles, are examined. Piezoelectric twist actuation that is based on anisotropic 
straining of the host structure can be achieved using directionally attached isotropic 
actuators or, alternatively, using piezoelectric fibers integrated into the composite 
structural member. The fin has an outer hollow rigid body inside which resides a hinged
1
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flexible beam with a piezoelectric active layer. The control of the fin angle is then 
accomplished by deforming the beam.
The objective of this research is to enhance accuracy of extended range of smart 
munitions and guided projectiles by providing real-time servo control capability of smart 
fin on a projectile airframe.
1.1 Literature review
The use of surface-mounted or bonded piezoelectric actuators for the shape control of 
intelligent structure has gained widespread acceptance recently. Applications of this 
technique include the shape control of metallic or composite plates or beams, [1-2]. The 
use of piezoceramic (PZT) elements as sensors and actuators to control the deflection of 
the centroid of a rectangular plate suddenly subjected to a uniformly distributed load is 
elucidated in [1]. A finite element code that employs four-noded Lagrangian elements 
and a consistent mass matrix is developed to analyze the problem. A finite element model 
for the deflection control of plates with piezoelectric actuators containing an actuator 
element, an adhesive interface element and an eight-node isoparametric plate element is 
presented in [2]. The actuator element developed here is based on first-order shear 
deformation theory.
A systematic approach for the design of active piezoelectric fins developed for a 
small-scale flight vehicle is presented in [3]. The proposed design approach uses 
analytical and computational tools that are based on the high-order theory and provides a 
graphical representation of the response spectrum of the active fin. In addition, it enables 
the coupling of the structural and aerodynamic analyses and provides a frame in which 
the results of the two types of analysis are adjoined. The feasibility of using monolithic.
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directed, or fibrous piezoelectric smart materials to control the shape of a subsonic 
projectile fin during flight is thoroughly discussed in [4]. To achieve this goal, an 
analytical model for composite laminated plates of general layup with either isotropic or 
anisotropic active layers is derived. The mathematical formulation uses the variational 
principle of virtual work along with the classical plate and lamination theories and the 
anisotropic piezoelectric constitutive equations.
The properties of directionally attached piezoelectric (DAP) elements and a low 
aspect ratio DAP torque-plate wing are investigated in [5]. The mechanisms for creating 
anisotropic actuators were discussed in [6], and the impact of anisotropy was shown at 
the individual lamina level and at the laminated structure level. Models for laminated 
structures were developed using an augmented Classical Laminated Plate Theory 
incorporating induced stress terms to accommodate anisotropic actuator materials.
In [7], a two-degree-of-freedom model has been constructed for a structural dynamic 
system consisting of a linear elastic plate bonded with piezoelectric sensors and actuators. 
A multivariable feedback controller is designed. Four control procedures based on the 
minimization of performance output error and the quadratic performance index have been 
developed that use rate-feedback control, hybrid fuzzy-PID control, genetic algorithms- 
designed PID control, and linear quadratic Gaussian/loop transfer recovery control 
methods. An active vibration damper for a cantilever beam was designed in [8] using a 
distributed-parameter actuator and distributed-parameter control theory. The distributed- 
parameter actuator was a piezoelectric polymer, poly vinylidene fluoride. Lyapunov's 
second method for distributed-parameter systems was used to design a control algorithm 
for the damper. A robust force tracking control of a flexible gripper driven by a
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
piezoceramic actuator is presented in [9], characterizing its durability and quick response 
time. The mathematical governing equation for the proposed system is derived by 
employing Hamilton's principle and a state space control model is subsequently obtained 
through the modal analysis. Uncertain parameters such as frequency variation are 
included in the control system model. The study in [10] deals with the utilization of 
piezoelectric actuators in controlling the structural vibrations of flexible beams using a 
Modified Independent Modal Space Control (MIMSC) method to select the optimal 
location, control gains and excitation voltage of the piezoelectric actuators. A position 
tracking control of a smart flexible structure with a piezofilm actuator is presented in 
[II]. An adaptive force trajectory control of a flexible beam using a piezoceramic 
actuator is discussed in [12]. Based on the variable structure model reference adaptive 
control theory, a new force control system using only force measurement is designed.
An adaptive control scheme based on a fuzzy-logic algorithm and its application in 
vibration suppression of smart structures is discussed in [13]. Here, a fuzzy-based 
adaptive controller is considered due to its simplicity and the fact that it does not require 
expression of the controller in terms of the system parameters, as is necessary in the case 
of self-tuning regulators. Active control via fuzzy logic is assessed as a means to suppress 
the elastic transverse bending vibration of a flexible rod of a slider crank mechanism of a 
slider crank mechanism in [14]. Several pairs of piezoelectric elements are used to 
provide the control action. Sensor output of deflection is fed to the fuzzy controller, 
which determines the voltage input to the actuator. A three mode approximation is 
utilized in the simulation study. Computer simulation shows that fuzzy control can be 
used to suppress bending vibrations at high speeds. A new discrete-time, fuzzy-sliding-
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mode controller with application to vibration control of a smart structure featuring a 
piezofilm actuator is presented in [15]. The investigation in [16] deals with the 
application of an Adaptive Fuzzy Control Algorithm for active vibration control of an 
experimental flexible beam. However, the uniqueness of this approach is that the 
damping parameters of the emulated absorber are continuously varied by means of a 
fuzzy logic control algorithm to provide near minimum-time suppression of vibration. It 
is demonstrated that application of this methodology allows for its real-time 
implementation and provides relatively quick settling times in the closed-loop. In [17], 
the shape control of curved beams using symmetric surface bonded piezoelectric 
actuators, excited out of phase, is studied. To predict the deflections accurately, a finite 
element model using a three-noded isoparametric curved beam element has been 
implemented. To model the piezoelectric layers, coupled finite element equations have 
been used and solved using iterative approach.
Fuzzy logic based velocity feedback control for active vibration control of beams in 
presented in [18]. The controller is first developed for a single degree of freedom spring 
mass system. Rule base consisting of three simple rules based on velocity is used. The 
feasibility of using piezoelectric actuator and fuzzy logic control to create a smart fin is 
thoroughly studied in [19]. Most of the fuzzy logic controllers proposed in most of these 
publications are valid only for specific system parameters and/or motion variables. This 
is obviously a severe restriction on general implementation of these controllers since 
extensive re-tuning will be required whenever there is a change in the specifications of 
the fin, actuator, and/or motion parameters. A novel hybrid genetic algorithm that has the 
ability of the genetic algorithms to avoid being trapped at local minimum while
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
accelerating the speed of local search by using the fuzzy simplex algorithm is developed 
in [20]. The new algorithm is labeled the hybrid fuzzy simplex genetic algorithm 
(HFSGA). [21] proposes to replace fixed parameters of search strategy by adaptive ones 
to make the search more responsive to changes in the problem by incorporating fuzzy 
logic in optimization algorithms. The proposed ideas are used to develop a new adaptive 
form of the simplex search algorithm whose objective is to minimize a function of n 
variables. The new algorithm is labeled Fuzzy Simplex. The search starts by generating a 
simplex with n+1 vertices. The algorithm then repeatedly replaces the point with the 
highest function value by a new point. This process has three components: reflecting the 
point with the highest function value, expanding, and contracting the simplex. These 
operations use fuzzy logic controllers whose inputs incorporate the relative weights of the 
function values at the simplex points. Genetic Algorithms (GAs) have been successfully 
used to eliminate vibration of beams and plates by several investigators. In addition to 
proposing fuzzy rules and formulas for spacing the fuzzy variables, [22] also presents a 
novel method for calculating the ranges of the variables of the controller based on the 
inverse dynamics of the smart fin and the parameters of its desired motion. The proposed 
control strategy can thus be easily modified to work with any modification of desired 
motion or system parameters.
The feasibility of using smart material to control the rotation angle of a subsonic 
projectile fin during flight is studied in [23]. A feedback linearizing adaptive control 
system is designed for the trajectory control of the fin angle. The controller consists of an 
inverse system and a high gain observer. Simulation results are presented which show 
that fin control is accomplished in spite of uncertainties in the system. The necessary
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
development of systematic modeling and design tools for the active control of large space 
structures (LSS) that has occurred over the past decade is focused in [24]. First reviewed 
are the aspects of model formulation, model simplification, and system identification that 
form the basis for the control design activities.
The developments in retargeting and tracking control are discussed next, wherein the 
principal challenges spring from the urgency and the nonlinearities manifested in both 
plant and control. The models of flexible structures are generally obtained by solving the 
eigenvalue problem resulting from finite element methods. However, it is well known 
that the resulting fidelity of model parameters degrades drastically for higher modes. 
Researchers have made considerable effort to design controllers for the control of flexible 
structures. A good review of literature is provided in [24] in which readers will find 
several references for controller designs. For flexible structures, controller designs based 
on feedback linearization, passivity concepts and adaptive techniques have been 
attempted by [25], [26], [27], [29] and [30]. Based on the command generator tracker 
concept, an adaptive controller has been designed in [32], [33]. For the synthesis of the 
controller, adaptive loop tunes three parameters and requires sigma or dead-zone 
modification of the adaptation rule in order to avoid parameter divergence. Of course, the 
modification of the adaptation law may give terminal tracking error.
1.2 Definition of the problem
The U.S. Army Research Laboratory is currently investigating smart munitions 
technologies as a means of improving the lethality and accuracy of future generations of 
munitions. One of the focuses of the current effort is the development of integrated 
multidisciplinary design technologies such as structural dynamics, computational fluid
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
dynamics (CFD) and guidance, navigation and control (GN&C). These multidisciplinary 
design technologies allow complex munition systems to be studied and visualized within 
high-performance computational environments to determine the nonlinear interaction of 
critical engineering parameters using high-fidelity physics. This allows detailed design 
trades to be performed on system subcomponents, resulting in reduced development costs 
and higher performance munitions. As part of this effort, the performance of a smart 
materials canard actuator has been investigated using a multi-disciplinary design 
approach.
Figure 1.1 shows a schematic of the smart munition design investigated as part of the 
current study, although this represents only one of many possible approaches. Smart fins 
are deployed after the projectile reaches the apogee. They are used to guide the projectile 
precisely to the target. Smart fins experience subsonic flow. The fin itself is assumed to 
be rigid. It rotates by activating the piezoelectric layer as can be seen in Figure 1.2 and 
Figure 1.3. The hinge is strategically located to minimize the hinge moments. By 
incorporating the canard actuator within the canard aeroshell, volume intrusion of the 
GN&C package into the munition payload is minimized. Important design considerations 
include the development of actuator concepts capable of producing the required canard 
deflection angles while producing enough available torque to overcome the externally 
applied aerodynamic torque. 'f i’ represents fin angle and ‘a ’ represents angle of attack.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 1.1 Schematic of a smart munition
Figure 1.2 CAD model of smart fin
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Figure 1.3 Piezoelectric actuator embedded inside the body of the fin creating rotation of
the fin
1.3 Organization
The following is a brief summary for the organization of the report. Chapter 2 
describes the Macro Fiber Composite actuator and mechanics involved in it. Dynamic 
model for the smart fin configuration is derived using finite element approach in 
Chapter 3. A fuzzy logic controller for the fin is presented in Chapter 4. A method for 
tuning the controller using a hybrid fuzzy simplex genetic algorithm and defining the 
ranges of the variables using inverse dynamics is discussed. Chapter 5 includes the 
development of adaptive servo controller for the smart fin configuration. Experimental 
setup and real-time controller implementation results are illustrated in Chapter 6. 
Chapter 7 includes the conclusions of this research work and suggestions for future work.
10
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CHAPTER 2
MACRO FIBER COMPOSITE ACTUATOR
2.1 Macro Fiber Composite (MFC)
The Macro Fiber Composite (Smart Material Co., M8557 PI piezoelectric actuator) is 
an innovative actuator that offers high performance and flexibility in a cost-competitive 
device. The MFC consists of rectangular piezo-fingers sandwiched between layers of 
adhesive and electroded polyimide film. This assembly enables in-plane poling, actuation 
and sensing in a sealed, durable, ready-to-use package when embedded in a surface or 
attached to a flexible structure. Applications for the MFC include vibration dampening, 
dynamic structural morphing, micro-positioning, structural health monitoring, force- 
sensing and energy harvesting.
Interdigitated electrode 
pattern on polyimide film 
(top and tjottom)--------
Permits irt-piane polmg and 
actuation o f piezo-C“ra"«n 
(dyi vs. (^ 33 BdvanI.nji-i
Structural epoxy
lnhit>its crack propagation in 
ceramic, bonds actuator 
components together
sheet of aligned 
rectangular piezo­
ceramic fibers
/mpmv»c/ damage tolerance 
and flexibility relative to 
mor)olfthic ceramic.
Figure 2.1 Piezoelectric actuator assembly, [39]
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The benefits of this MFC actuator are
• Flexible and durable
• Increased strain actuator efficiency
• Directional actuation/sensing
• Damage tolerant
• Conforms to surfaces
• Readily embeddable
• Environmentally sealed package
• Demonstrated performance
Table 2.1 MFC Engineering Properties, [39]
H ih - 'i " l d  ( |E | >  U V /m m J. b i a s i t lw a l t i i e - o p c r a t i
'*33 '
o n  p i" /o p | ' c t r i c c o n s t . n l ' .
4.6E+02 pC/N
'*31"
L i ) w - r i t |i l  (IE | «. iK V /m m l. u n b ia v id - o p p r a t io n
‘‘33*
-2.lE+02pC/N
p i H o e l c  t r i e  ( ( i n s t a n t s ;
4.OE+02 pC/N
d j , " -1.7£t02pC/N
Free-strain* per volt (low-field -  high-field) "  0.75 -  0.9 ppm/y
Free-strain hysteresis* ~ 0 .2
DC poling voltage, Vpoi + 1500V
Poled capacitance @  1kHz, room temp, '
O r th u t r o p ic  L in e a r  E la s tic  P r o p e r t i e s  ( c o n s ta n t
Tensile modulus, E^*
0.42 nF/cm2 or 02-7nf/ in^
e l e c t r i c  f ie ld ) :
30.34 GPa
Tensile modulus, E,** 15,86 GPti
Poisson's ratio, 0.31
Poisson‘s ratio, 0.16
Shear modulus,
C p > 'ra ti» n a l P i ia m o te r s .
Maximum operational positive voltage,
5.52 GPa 
+ 1SOOV
Maximum operational negath* voltage, -500 V
Linear-elastic tensile strain limit 1000 ppm
Maximum operational tensile strain -V 4500 ppm
Peak Vdiork-energy density ■s-IOOO in-lh/in^
Maximum operating temperature < 6 6  ‘C orlEO^F
Operational IH^time (@ 1kVp-p| > IOE+O8 cycles
Operational lifetime { 0  2lA/p-p, SOOVDC] > IOE+07 cycles
Operational bandwidth < 10 kHz
I *
1 * 
- I
L '
?
Fiber-direct Ion 
Electrode direction 
Rules-of-fliKture estimate
f v ^■» ii \ f! f t \  Y '
\ \ j
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2.2 Mechanics of MFC actuator
2.2.1 Single morph actuator
The schematic of a MFC actuator is shown in Figure 2.2. A single piezoelectric 
actuator is glued to a substrate with electrodes spaced at approximately 0.5 mm. When a 
voltage is supplied to the actuator, there is a longitudinal strain that is to balance the 
induced strain by the actuator.
3M DP460 
Epoxy
MFC
Neutral axi:
Ep=d»V,
c/33=400e-12 m/volt
d(space between + & - 
electrodes (=0.5 mm)
Substrate
Figure 2.2 Schematic of single morph actuator
The strain induced by the actuator when a control voltage V(x,t) is applied is given by [8],
£p(x,t) - V —
hp
(2.1)
This induced strain creates a longitudinal strain due to force equilibrium. Solving the 
force equilibrium,
13
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F = a  A 
= e EA (2 2 )
the longitudinal strain is
=
Ebb K + Epb^\
(2.3)
A bending moment M produced by the piezoceramic actuator due to an applied control 
voltage V{x,t) can be obtained from Eqs. (2.1) and (2.3) and consideration of force 
equilibrium in the axial direction. The induced moment is given by
M = Ei,h^bi,ei
v2
Ephpb^(£^-£ , i -^  + h,^-D (2.4)
Where D is the neutral axis of cross section of piezoelectric actuator glued to a substrate. 
Also in this case, bb = bp,
D =
h
+ \ b .  —
2 +
(25)
Substituting Eqs. (2.1), (2.3), and (2.5) into (2.4) gives M = c V(x,t), where
h„+h, E„h,E.b,,
c -  -d 33
p b p  b b b
2 Ephpbp+EXbb
(2.6)
. _ N  e u t r a I  a x i s
Figure 2.3 Cross section of the piezoactuator glued to a substrate
14
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The moment arm for the bending when, bb = bp, becomes
2 2 (E A + ^ p A j
(2J)
2.2.2 Bi-morph actuator
For bimorph actuator case, two piezoelectric actuators are glued to substrate on each 
side of its surface. Figure 2.4, with the neutral axis D located at the center of the cross 
section as shown in Figure 2.5.
MFC
Bimorph MFC
M oment
aim  (h)
ei=dr,Vf
c/33=400e-12 m/volt
Substrate
d(space between + & - 
electrodes (=0.5 mm)
Figure 2.4 Bimorph actuator
The strain induced by the bimorph actuator when a control voltage V(x,t) is applied is 
given by [8],
n
33 (2 8)
15
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i•î —  Neutral axis
Figure 2.5 Cross section of the bimorph piezoactuator
This induced strain creates a longitudinal strain due to force equilibrium. Solving the 
force equilibrium equation (2.2), the longitudinal strain is
E A K  +
(2.9)
A bending moment M produced by the piezoceramic actuator due to an applied control 
voltage V(x,t) can be obtained from Eqs. (2.8) and (2.9) and consideration of force 
equilibrium in the axial direction. The induced moment is given by
fA, ) / \
^ - D — E h b  \2é‘ — £, - E  + h , - DI 2 J p p p \ p 1 /U '  J (2 .10)
Where D is the neutral axis of cross section of piezoelectric actuator glued to a substrate. 
Also in this case, bb = bh,
D = 0  (2.11)
Formulating an expression for the constant c by updating eqn 2.9, we have, M = c V(x,t)
(2.12)
16
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CHAPTER 3 
DYNAMIC MODEL
3.1 Finite Element Approach
The finite element approach is used to describe the dynamics of the flexible beam. 
The arm is considered as composed of finite elements satisfying Euler-Bemoulli’s 
theorem. The lateral displacements are restricted to xy plane and considering bending 
deformations only, assuming that transverse shear deformation can be ignored. That is, 
we use elementary beam theory, which is formally known as Euler-Bemoulli beam 
theory. The displacement of any point on the arm is described in terms of nodal 
displacements. An energy approach is used to formulate the equations. The modeling 
steps, which are described briefly in this section are based on [37] and [38]. The fin and 
the right end of the beam are connected using a hinge, as shown in Figure 3.1, which 
would result in having the same displacement but different slope at the tip point. The fin 
angle is,
= ^  (3,1)
The position vector of a point P on the beam is,
P = [a w f (T2)
The velocity of this point is.
17
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P = [0 wY (3.3)
Hinged connection
Cantilever beam piezoelectricactuator
Figure 3.1 Fin-beam model
The beam is divided into n elements. Each element starts at jc, along the neutral axis of 
the beam (in the global coordinates) and has a length of L,. The displacement of any point 
in element i, shown in Eigure 3.2, is described using the nodal displacement and slope of 
nodes i and i+ 1  as follows:
w = [N]{g,} = [W, N, TV, N j
w.
w,i+1
lA+u
(3.4)
w, and (pi are the nodal displacement and slope of node i respectively. Nj through N4 are 
called the shape functions, which are shown below.
18
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N,
N..
-  TJ
A
= ^ ( -2 ;c , ' + 3%,%)
(3.5)
Figure 3.2 Beam element
The velocity of any point in element i can be then expressed as,
P  =  [ iV ] f e }
and the kinetic energy of an element is,
1A 1
KE, = -  j  />, Pdx, = - q ^ m - q ,
(3.6)
(3.7)
where, p. is the combined density of the beam and the piezoelectric film per unit length 
of element i and the mass matrix m, becomes.
(3.8)
The complete 2D beam element mass matrix is,[38]
19
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ni; =
13  ^ U , 2  9 ^
11 J  2  1 . 3  13 , 2
210^' ' 105^' ‘ 420 ' '
9 r ^  ,2  1 3 .^
70^' ' 420^' ' 35 ' '
13 , 2 1 , 3 11 , 2
î s
(3.9)
The kinetic energy of the fin is,
where, 7 /is the mass moment of inertia of the fin. 
The potential energy of an element is.
(3.10)
I f  1 £ / ,—^  + cm(x,0 
o x
d^wA/,—^  + cw(x,f) 
dx,
dx- (TTl)
where EE is the product of Young’s modulus of elasticity by the cross-sectional area 
moment of inertia for the equivalent beam for an element i in the x-y plane respectively. 
The equivalent beam stiffness EE for single actuator case as shown in Figure 3.3 can be 
expressed as
EE = E.
b h h
+ E,
^  I Z  Z  y
(3.12)
where D denotes the location of the neutral axis.
F T '. Ÿ.  T  N e u t r a l  a x i s
D
Figure 3.3 Cross section of the piezoactuator glued to a substrate
20
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The equivalent beam stiffness EE for bimorph actuator case as shown in Figure 3.4 can 
be expressed as
EE = E.
12
+ E.
(3.13)
where D denotes the location of the neutral axis.
-  ■ Neutral axis
Figure 3.4 Cross section of the bimorph piezoactuator
The potential energy of an element can be further expressed as,
1 TPE ——dw, k, dw, +dw.
2
^4r
\
1 dXjJ
VO y
cu(t) + ^ ^ j - c ^  u^{t) (3.14)
where, stiffness matrix of element i, A is represented as
k. = } El,
0 y
dx, CT15)
The complete 2D beam element stiffness matrix is,[38]
21
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12£/,. 6£/,. -12E 7, 6£7,
A '
6 EE
A '
4£/,.
E-
- 6 £ 7 ,
E-
2E7,
E-
- 1 2 E E
A
-  6E E
A '
12E7,.
A
- Œ i l
E-
6 EE
A '
2E E
A '
-  6£7,
E-
4E7.
A ' E, A ' E^
(3.16)
Using Lagrangian dynamics, the equations of motion for an element are.
d r B(7Œjl r d{PEi))
dt I ^9, y I 3% J [ 4^. J
=  0 C117)
The terms with u are moved to the right hand side of the equation. They correspond to the 
force matrix of a distributed moment that is replaced by two concentrated moments at the 
two nodes. The equation can be expressed in matrix form as.
m,
w . ' W,. 0
'+A'
-1
. Z Z  <
0
1
(-cm(O) i = (3.18)
3.2 Aerodynamic Moment
The fin is subjected to external moment induced by aerodynamic forces. Based on 
communications with ART (Army Research Lab) personnel, [40], the aerodynamic 
moment that the fin is experiencing is shown in Figure 3.5 for angle of attacks -10 
degree, -5 degree, 0 degree, 5 degree and 10 degree. This aerodynamic moment (Me) can 
be expressed as a function of the angle of attack, a, and fin angle, /?. The equation (3.19) 
was obtained to describe the external moment by linearising the data in Figure 3.5 to 
Figure 3.6 and using least squares method.
22
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008 PosËive hinge m om ent wiii 
tend to increase canard 
defiecron angse 
Negative hinge m oment w-S 
tend to d e c re a se  canard 
deflection angle
a -
»  -0.02 e = 0'
—  Predicted from Baseline Hinge 
Location 
□ From Actual Hinge Location-0 .0 6
-0.1
155 1015 •10 0
Canard Deflection • (D egrees)
Figure 3.5 Aerodynamic moment data (Source; ARL’s CFD analysis)
Hinge Moment Vs Canard Deflection
0.08 -
E -0.2
-0 .1  J
Canard deflection (radians)
y = -0.2259X + 0.0324 
y = -0.1685x4-0.0125 
y =-0.12 5 x -0.0028 
y =-0.1754x-0.0182 
y = -0.2488X - 0.0345
♦  alpha, -10 
■ alpha, -5 
alpha, 0 
X alpha, 5 
X alpha, 10
Figure 3.6 Linearized aerodynamic moment
M, =(0.7097|ar|-0.1212)/g-0.189or (3.19)
where a, are in radians
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M ,=(AH)yg + g(ür) (3.20)
where A and B are functions of the angle of attack a.
For the last element {i = n), the equations, including the effects of the kinetic energy of 
the fin and external moment due to aerodynamic forces, becomes the following form 
using eqs. (3.10) and (3.20),
m<
"0 0
■+
0 0
L+l 0 0
0 0
%
■+K- <Pn
.L i , .^ n+i .
(— c u{t)) +
0 0 0 0 
0 0 0 0
0 0 ^ 0
L 
0
0
0
■ + ■B{a)
L
.^ n+i 0
(3.21)
0 0  0
In the above equation, the external moment is replaced by an equivalent force at the tip
node. Equations (3.18) and (3.21) can be combined after expansion as follows,
Mq + Kq = F[u{t)) + Aq + B (3.22)
where,
g = [w, (j), . . . .  (3.23)
The first two rows and columns of M and K matrices should be eliminated to because of 
the boundary condition at the first node. Similarly, the first two rows of A, B and F 
matrices are eliminated. The equation of motion becomes,
^R  9, Qr ~ ^R { w(0) + A^  9^ 1" ^R (3.24)
where,
% = <t>2 ■ ■ ■ ■
The equation (3.24) is expressed as state-space representation form.
(3.25)
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CHAPTER 4
FUZZY LOGIC CONTROL
4.1 Fuzzy Logic Controller Structure
Fuzzy logic is a means for transforming linguistic knowledge into a mathematical 
model. The proposed fuzzy controller structure is shown in Figure 4.1. It uses errors as 
input. Error is defined as the difference between the desired value of a variable and its 
actual one. The controller has two inputs: fin angle displacement and fin angular velocity 
errors, e^tjand ev^t) respectively. The output of the controllers is change in voltage, 
du(t), which is added to the voltage of the previous sampling interval u(t-At). The voltage 
is fed to the piezoelectric layer.
u(t)
u(t-At)
Piezoeletiicaily 
Actuated Smart 
Fin
Fin Fuzzy Controller
Figure 4.1 Fuzzy controller structure
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Fuzzy logic control has an intuitive nature, which may work well in controlling 
simple systems. Smart fins however offer several challenges. For example, the question 
of how many membership functions are sufficient to describe a fuzzy variable is difficult 
to answer readily. In this research work, two controllers were designed. One, based on 
fuzzy controller trained by using Hybrid Fuzzy Simplex Genetic Algorithm (HFSGA), 
and the other is inverse dynamics-based fuzzy logic control.
4.2 Fuzzy Logic Controller using HFSGA
An initial guess of five membership functions is used to describe each of the three 
variables: negative big (NB), negative small (NS), zero (Z), positive small (PS) and 
positive big (PB).
4.2.1 Fuzzy Logic Controller Rules
The rules for the controller are based on intuition and observations of inertial systems. 
The goal of the fuzzy controller is to maintain the fin along a desired trajectory. The rules 
of the fin fuzzy controller. Table 4.1, are selected such that if the angle of the fin angle is 
approaching the correct position or if the fin angular velocity error belongs to the zero 
function, the controller will produce no change in voltage. The proposed rules attempt to 
use the strain energy of the beam to dampen vibrations. Rules are selected such that the 
controller produces change in voltage only when the tip is moving away from the desired 
target position.
26
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Table 4.1 Fuzzy rules
gf ■II
NB NS z PS PB
NB NB NS z z z
NS NS Z z z z
Z Z z z z z
PS z z z z PS
PB z z z PS PB
4.2.2 Gaussian Membership Functions
Gaussian functions are used to define the membership functions, whose form is,
-(z-c)^ (4.1)
ju(z,c7,c) = e
The Gaussian curve membership function has the advantage of being described using 
only two parameters. These parameters are c that determines the center of the function 
while (T, which controls its shape. This feature makes tuning the controller easier than 
when using other membership sets such as trapezoidal ones, which are described using 
four independent variables. The centroid method is used for defuzzification. The degree 
of membership of a controller output can be related to those of the controller inputs by 
the following relationship,
//(y j  = min ( / /J x i  ), //g (x2 ) ........................................................... (4.2)
Selecting the membership functions and ranges of variables is not as intuitive as 
determining the rules of the controller. Details of the proposed algorithms for selecting
27
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membership functions and ranges of variables for optimal performance are shown in the 
next sections.
NB NS PS PB
0.8
^ 0.6 
EO)
0.2
0
-50 100-100 0 50
du
Figure 4.2 Typical Gaussian curves for controller output, change in voltage (du)
4.2.3 Tuning of fuzzy controller based on HFSGA
The performance of a fuzzy controller depends on the range of its input and output 
variables and shape of the membership functions that describe this function. In some 
cases, a good estimate of these functions may be available through experience. In other 
cases, such estimates are not available or may be only obtained by operating the system 
extensively. An automated method to tune the membership functions of a fuzzy controller 
is therefore proposed. This section presents an algorithm for improving the performance 
(tuning) of a fuzzy controller by choosing the ranges and the shapes of the membership
28
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functions of its variables to achieve a desired objective using genetic programming. This 
algorithm reduces the need to having a prior knowledge of the controlled system that is 
currently necessary for designing a fuzzy controller.
A fuzzy controller may have many, or an infinite number of, "acceptable" designs. 
Evaluating the claim that a certain controller is good depends on some criterion that 
measures the performance of the system. Therefore, the tuning process starts by defining 
a performance index that measures the controller's performance. Different forms may be 
more appropriate for other problems. The performance index chosen in this case is.
(4.3)
where, nt is the total sampling time divided by sampling interval, g  is a weighing factor 
that is used to give more importance on angle or angular velocity errors.
In the absence of gravity, it is fair to assume that membership functions are 
symmetrical. The problem is then modeled as having fifteen variables (genes) that 
correspond to the shapes (Z, PS, and PB) and centers of the membership functions (PS, 
and PE) of: ep(t)and e^fit) and du(t) respectively. Each variable is represented by real 
numbers. The objective is to minimize a performance index of the above equation.
Detailed discussion of HFSGA can be found in [20]. The following is a brief 
overview of the steps needed to apply it to this problem. The initial population of 225 
chromosomes is randomly generated. The algorithm selects fifty percent of the 
population with the best fitness value as parents, as well as members, of next generation. 
The rest of the new population is generated by crossing over two randomly chosen 
parents using the weighted average operator:
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v ' = av.+{l-a)vj (4.4)
v'j =avj+{l-a)v.  (4.5)
where, a is a randomly generated number from [0, 1]. A mutation rate of 0.01 is selected. 
At each generation, the number of mutated strings is equal to.
Mut._ Number = {Mut._ rate\Pop._ size\No._of _ strings) (4.6)
The positions of the mutated strings are included in an array of random integer numbers 
that are selected from the array:
[1, 2, ..., Population_size* Number_of_strings]
The values of these mutated strings are randomly generated. The member with the best 
fitness in each generation is used as the initial point in a search using Fuzzy Simplex 
algorithm [21]. The maximum number of function evaluations in each simplex search is 
45. The process continues for a maximum number of 75 generations.
Tuning process of the fuzzy logic controller can be represented by the block diagram 
of Figure 4.3. The system has three blocks:
(1) Plant: The system that will be controlled. It receives controller inputs and produces 
sensors outputs.
(2) Fuzzy Controller Trainer: This trainer uses Hybrid Fuzzy Simplex Genetic Algorithm 
(HFSGA) to evaluate the system performance index. It suggests modifications of the 
membership functions to minimize this performance index.
(3) Fuzzy Controller: Fuzzy controller produces the inputs for the plant.
30
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Performance
Index
Outputs
Inputs
c's & 
a's
PlantFuzzy Controller
Fuzzy Controller 
Trainer
Figure 4.3 Fuzzy controller tuning
4.2.4 Simulation Results
A computer program has been developed to simulate the dynamics of the fin and 
actuator. The length of the fin, L, is 0.109 m while its mass moment of inertia of the fin, 
Jf, is equal to, 0.001 kg-m^. Bimorph actuator discussed in section 2.2 is used for this 
simulation. The physical parameters and mechanical properties of the smart fin actuator 
used in this simulation are listed in Table 4.2. The range of the angle of attack or and the 
fin angle P  are both ± 10 degrees. The desired acceleration profile is bang-bang with 0.5 
seconds each for acceleration and deceleration. The number of samples, nt, is equal to 
400 samples over the simulation period of twenty seconds.
The desired angular rotation of the fin is from zero to 0.0915 radians (5.24 degrees) in 
two seconds. Figure 4.4 shows the surface of the fuzzy output variable, du. Figure 4.5 
shows that the controller produced no overshoot or steady state error. Target angle was 
reached immediately after 2 seconds. The voltage signal to the controller. Figure 4.6, is 
smooth.
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Table 4.2 System mechanical parameters
Variable Beam Piezoelectric Actuator
Length (length, mm) 
p (density, kg/m^) 
b (width, mm) 
h (height, mm)
E (Modulus of Elasticity, Gpa) 
ds3 (Piezo-strain constant, m/V)
109.4
8300
75
0.4
95
N/A
109.4
7500
57
0.3
15.89
4e-10
3
T3
X 10
0.01
Figure 4.4 Fuzzy surface
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§0.1
actual
desired0.08
actual
0.06
0.04
0.02
0
- 0.02
1 2 4 5 6 7 8 9 100 3
time (s)
Figure 4.5 Fin angle of 5 degree and angle of attack 0 degree
1200
1000
800
S  600
f
g 400
200
-200
tlme(s)
Figure 4.6 Fin angle of 5 degree and angle of attack 0 degree
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4.2.5 Robustness of the controller
As mentioned earlier, the controller was tuned for the case when angle of attack, a, is 
equal to zero. The controller should he able to operate in the range of ± 10 degrees. When 
angle of attack is equal to 10 degrees and fin angle varies between 0 and 10 degrees, the 
controller produced some angle oscillations that were eliminated within the first second. 
Figure 4.7. The corresponding voltage to the piezoelectric actuator exhibits similar 
behavior. Figure 4.8. The piezoelectric actuator voltage increases to about 2180 volts in 
that case.
To assess how the controller behaves under different operating conditions, the 
aerodynamic moment was increased by a factor of five. The disturbance caused limited 
oscillations around the target angle.
0.2
  actual
  desired
0.15
actual
0.1
CD
=  0.05
-0.05
0 7 8 9 101 2 3 4 5 6
time (s)
Figure 4.7 Fin angle of 10 degree and angle of attack 10 degree
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Figure 4.8 Fin angle of 10 degree and angle of attack 10 degree
4.3 Inverse Dynamics based Fuzzy controller
Fuzzy logic control has an intuitive nature, which may work well in controlling 
simple systems. In this design, seven membership functions are used to describe each of 
the three variables: negative big (NB), negative medium (NM), negative small (NS), zero 
(Z), positive small (PS), positive medium (PM), and positive big (PB).
4.3.1 Fuzzy Logic Controller Rules
The rules for the controller are based on previous sections work, which showed that 
the control surface is more sensitive to changes in e0(t) than 6 0^(1). The rules of the fin 
fuzzy controller. Table 4.3, are selected such that if the angle of the fin angle is 
approaching the correct position or if the fin angular velocity error belongs to the zero 
function, the controller will produce no change in voltage. The proposed rules attempt to
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use the strain energy of the beam to dampen vibrations. Rules are selected such that the 
controller produces change in voltage only when the tip is moving away from the desired 
target position.
Table 4.3 Fuzzy rules
e0=> 
evp U'
NB NM NS z PS PM PB
NB NB NM Z z z PS PM
NM NM NS z z z PS PM
NS NM NS z z z PS PM
Z NM NS z z z PS PM
PS NM NS z z z PS PM
PM NM NS z z z PS PM
PB NM NS z z z PM PB
4.3.2 Gaussian Membership Functions
The membership functions for all variables are symmetrical about the zero value of 
each variable. The membership functions for a variable, r], are arranged according to the 
following equations:
~ yri P^B,rj
P^M,ri ~ P^B,r] (4.7)
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^PS,7i ^7]^ PM.ri
^ P S . r i  ^ r i  ^ P M. r i
= 0
^z.ri 7^1 ^ps.n
The above equations mean that, for each variable rj, three parameters, cpB.n, Yt], and Sr, 
control the shape and distribution for its membership functions. Figure 4.9 shows typical 
distribution of membership functions for output variables.
NS P S PMNM PBNB
0.8
CL
S 0.6
0.4
O)
0.2
-50 100-100 0 50
du
Figure 4.9 Typical Gaussian membership functions for controller output, change in
voltage (du)
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4.3.3 Defining the ranges of the variables using inverse dynamics
The proposed controller depends on the ranges of input and output variables. Instead 
of leaving these ranges static or empirically modify them, this work proposes a method 
for adjusting these ranges whenever the parameters of the smart fin or the desired path 
change. The ranges of input variables are chosen as a function of the desired fin rotation 
history motion and system parameters. The process starts by identifying a desired fin 
angle history, /%. In this work, bang-bang profile for a time of td is used. The 
corresponding tip displacement of the piezoelectric actuator is,
= (4.8)
Using the deflection equations for a cantilever beam with concentrated moment at the tip, 
the displacements of the other nodes can be described in terms of the displacement of 
node n as follows.
^id -^n+ld -J2
(4 9)
A d -  d Y
Based on the dynamic equations of the smart fin, the forces needed to produce a desired 
path, can be expressed as,
^ ~  ^  r 4  Rd ^ R ^ R d  ~  ^ R ^ R d  ~ ^ R  (4.10)
where.
(1r d i^ 2rf ^ I d  ■ ■ ■ ■ " ^n+ld  ^ n + l r f ]  (4.1 I)
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Since the elements of Fr matrix are all zeros except the last row, Equation (4.10) can be 
reduced to,
( i^?,2n^Rd + ^R,2n?Rri ~ ^ R.2n^ Rd ~ R^,2n ) (4.12)
^R,2n
The change in desired voltage is,
AUd{t) = Ud{t)-u^{t-At) (4.13)
The maximum absolute values of AuBddt) correspond to the center of gravity of the PB 
membership function of Au. For this output variable, the maximum value of the PB 
membership function, cBrbb, can be calculated using the following equation:
CG =— -----2--------^ -----  (4.14)PB, Am cPB.Au
J
‘'PB.du)
Solving the above equation symbolically shows that,
^ PB.Au ~ ^Au{GG (4.15)
where.
The ranges of the two controller inputs are,
)
(4.17)
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To evaluate the effectiveness of the proposed controller, the following performance index 
is chosen in,
where, nt is the total sampling time divided by sampling interval.
4.3.4 Simulation Results
The physical parameters and mechanical properties of the smart fm actuator listed in 
section 4.2.4 and Table 4.2 are again used in this simulation. The range of the angle of 
attack a  and the fin angle P are both ± 10 degrees. The desired acceleration profile is 
bang-bang with 0.5 seconds each for acceleration and deceleration. The number of 
samples, nt, is equal to 400 samples over the simulation period of twenty seconds. In this 
work Re^ and Rev0  are chosen as 0.1 and 0.15 respectively. Ye^  Yevp, and Yau are chosen to 
be, 0.4, 0.2, and 0.4 respectively. Similarly, Sep, Sevp, and ô^ u are chosen to be, 0.9, 0.9, 
and 0.9 respectively. These values are shown since they proved to result in stable 
controller over large range of operating conditions and system parameters.
The controller was successfully tested for various cases. This section includes two 
typical case studies. Table 4.4. The fin and actuator of the previous section are used in 
Case A. In Case B, the piezoelectric actuator is replaced by an actuator with half the 
beam thickness (0.2 mm). The results of Case A are shown in Figure 4.10 and Figure 
4.11. Figure 4.10 shows that the controller produced no overshoot or steady state error. 
Target angle was reached in 4 seconds. The voltage signal to the controller. Figure 4.11, 
is smooth.
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Figure 4.12 and Figure 4.13 show the performance of the controller for Case B. A 
different controller was generated based on inverse dynamics and the motion 
characteristics in each case. Both controllers acted satisfactorily.
Table 4.4 Different cases considered for simulation
Variable Case A Case B
Angle of attack, a  (degrees) 5 10
Initial fin angle(degrees) 0 0
Final fin angle(degrees) 10 -5
Performance Index, PI 5.0319e-004 6.3354e-004
0.18
0.16 actual
desired0.14
0.12
actual0)O)
TO 0.08 
c
0.06
0.04
0.02
- 0.02 10 2 3 4 5 6 8 9 107
time (s)
Figure 4.10 Fin angle of 10 degree and angle of attack 5 degree
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Figure 4.11 Fin angle of 10 degree and angle of attack 5 degree
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Figure 4.12 Fin angle of -5 degree and angle of attack 10 degree
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Figure 4.13 Fin angle of -5 degree and angle of attack 10 degree
4.3.5 Robustness of the controller
To assess the robustness of the proposed controller, Case A of the previous section is 
subjected to disturbance in the form of tripling the aerodynamic moment between 2 and 3 
seconds. As expected, the controller produced some angle oscillations that were 
eliminated within the sixth second. Figure 4.14. The corresponding voltage to the 
piezoelectric actuator exhibits some overshoot compared to Case A, Figure 4.15. The 
performance index PI increased to 0.0042 in this case.
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Figure 4.14 Fin angle of 10 degree and angle of attack 5 degree with 3 times aerodynamic
moment b/w 2 and 3 seconds
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Figure 4.15 Fin angle of 10 degree and angle of attack 5 degree with 3 times aerodynamic
moment b/w 2 and 3 seconds
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CHAPTER 5
ADAPTIVE CONTROL
5.1 Background
Flexible structures are essentially infinite dimensional systems; however often finite 
dimensional models by neglecting the higher modes are used for analysis and design. 
The models of flexible structures are generally obtained by solving the eigenvalue 
problem resulting from finite element methods. However, it is well known that the 
resulting fidelity of model parameters degrades drastically for higher modes. Researchers 
have made considerable effort to design controllers for the control of flexible 
structures.[24] provides a good review of literature in which readers will find several 
references. Based on the command generator tracker concept, an adaptive controller has 
been designed in [32]. For the synthesis of the controller, adaptive loop tunes three 
parameters and requires sigma or dead-zone modification of the adaptation rule in order 
to avoid parameter divergence. Of course, the modification of the adaptation law may 
give terminal tracking error.
The contribution of this work lies in the design of an adaptive servoregulator for the 
control of a projectile fin. The model chosen here is similar to that reported in [23]. A 
finite dimensional model is used for study, but the design is independent of the truncation 
order of the model obtained using finite element method. The model includes the 
aerodynamic moment affecting the fin motion which is a function of the angle of attack
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of the projectile. A judicious choice of the controlled output variable which is a linear 
combination of the fin angle and its derivative is made and an adaptive servoregulator is 
designed for the fin angle regulation and aerodynamic disturbance rejection. For the 
synthesis of the controller only the fin angle and its derivative are used. The controller 
requires tuning of a single gain and unlike [33] is capable of rejecting the aerodynamic 
disturbance torque without any adaptive law modification. Interestingly, for the frozen 
parameter in the adaptive loop, controller becomes a proportional and integral error 
feedback compensator.
In the closed-loop system the fin angle asymptotically converges to the target fin 
angle generated by a command generator. In the closed-loop all the elastic modes 
converge to their equilibrium values. Simulation results are presented which show that 
the designed adaptive control system accomplishes precise fin angle control in spite of 
uncertainties in the fin-beam parameters and the aerodynamic moment coefficients.
5.2 Controller design
In this section, an adaptive controller will be designed. Defining the state vector
^ = {V^ Y  ■: a state variable representation of equation (3.24) with a damping term of 
the form 2DQ., where D = diag(Cj), i = l,...,2n, > 0 , Q,  ^ =V~^M~^KV, takes the
form
X — ^ 2 n X 2 n  Y n  X  2n jc-h ^ 2 n X l u -\- ^ 2 n X l
~ 2DO . Y  . .  Y  _ (5.1)
A Ax + Bu + Fv 
We select the controlled output variable as
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y = (û + À0 )
15 2)AC^rj + ACf^ T] ACx 
where À>0  is a design parameter. From (5.2), one obtains
ÿ(,y) = C(,y7 -  A) ' gw(^) + C(^/ -  A) ' Fv(^)
^  np{s)û(s) + n^ (.y)v(f) (5.3)
=  d^(s)
where s is the Laplace variable and u and v denote Laplace transforms of u and v 
respectively, and
Alp (5 ) = Cadj{sl -  A)B
My (s) = CadjisI -  A)F (5.4)
dp{s) = det(5'/ -  A)
It is easily seen from equation (3.24) that
(f/^ ) = Z ( ^ '+ 2 ^ ,^  + A,') (5.5)
f=I
is a Hurwitz polynomial. Furthermore, computing the polynomial np(s) for this model, 
one finds that it is a Hurwitz polynomial. Therefore, the transfer function (np(s)/ dp(s)) is 
minimum phase.
The tracking error C] = y - ym is
^  (5 6)
where y^ is the constant reference trajectory. For a given angle of attack, the aerodynamic 
moment v = mao(cx) acts as a constant disturbance input and it must be rejected by the 
controller. In order to eliminate this unknown disturbance term v, let us filter each side of
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equation (5.6) with
and sjm -  0. Therefore, the filtered equation (5.6) yields
, where jx> 0. For constant signals v and y^, one has sv = 0
f  '  1
U + / / J
w(.y)
We note that we have ignored the exponentially decaying signals in equation (5.7). 
Defining the filtered input signal as
(5.7)
uAs) =
f  \s û{s) (5.8)
Equation (5.7) can be expressed as
= M  f  ( S )
(5.9)
AH(^)Wy(^)
In view of equation (5.9), it is sufficient to derive a control law u/t) such that the tracking 
error e}(t)\s regulated asymptotically to zero.
For the fin-beam model, H(s) is minimum phase because rip(s) is Hurwitz and jX> 0. 
Moreover, by the choice of the output y, the transfer function has relative degree one. As 
such using a simple argument from the root-locus technique, it is easily seen that a 
negative feedback law of the form
Wy(f) = -ür,g, (5.10)
can stabilize the system equation (5.9), where Ke > 0. Indeed, as Ke tends to the root 
loci of the closed-loop poles converge to finite stable zeros of H(s) and one of the pole 
tends to -o° along the asymptote with angle 7i. This is interesting, because it is an
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extremely simple control law and yet it accomplishes error regulation and disturbance (v) 
rejection.
Consider a minimal realization of H(s) given by
where Aa, Ba and Ca are appropriate matrices. Of course, these matrices are not required 
for synthesis. Since H(s) is minimum phase with relative degree one, it follows that there 
exists a gain K* >0 such that, [34]
F(A-A:%CJ + = -6  < 0
PBa = C j
(5.12)
where P and Q are positive definite symmetric matrices. However, K is not known. Let 
K be an estimate of K* and consider an output feedback law
My =-Ke^ (5.13)
The goal is now to adaptively tune K to accomplish error regulation.
Using equation (5.13) in equation (5.11) gives
= (A. (5.14)
Defining the parameter error K = K* -  K , (26) gives
Y = ^^a + K B ^e ,  (5.15)
where A = (A„ -  K*B^CA is a Hurwitz matrix since equation (5.12) holds.
For the derivation of the adaptation law, consider a quadratic Lyapunov function
W = (5.16)
where v > 0. The derivative of W along the solution of (27) is given by
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w  = (FA, + Al F)x, + + 2;^^  (5.17)
Using equation (5.12) in equation (5.17) and noting that xJPBa = x j c j  = ej gives
W = -x lQ x ,+ 2 ^ (}^  + g;') (5.18)
In order to eliminate K  form, the adaptation law is chosen as
K = - K  = -y-A f  (5.19)
Substituting equation (5.19) in equation (5.18) gives
W = < 0  (5.20)
Since W(xa, K ) is positive definite and W < 0 , Xa and K are bounded. Furthermore, 
invoking Barbalat's Lemma ([35]; [36]), one can establish that Xa tends to zero which in 
turn implies that ej = CaXa converges to zero. The control input u(t) now can be obtained 
using equation (5.8). In view of equation (5.8), one has
Y  + jU^
1 ^ 7
Wy (5.21)
which yields
t
u(t) = u^{t) +^ju^(t)dT  (5.22)
0
Using My (f) = -K{t)eAt) in equation (5.22) gives
t
u(t) = -K{t)e^ (t) -  / / j  KiT)e^ {t)dT (5.23)
0
We notice that for a constant K , the control input simply uses proportional and integral 
feedback of the tracking error.
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5.3 Simulation results
This section presents the simulation results for the smart fin (fin-beam model) 
including the model reference adaptive control law. The mechanical properties of the 
simulated model are : = 8,300 kg/m^, p^ -  7,500 kg/m^, -  95 GPa, Ep = 15.89
GPa, I = 109.4 mm, h = 25 mm, hb=OA mm, hp = 0.3 mm, dss = 170E-12 (m/volt). Using 
finite element method (with n = 5 elements), a state-variable representation of the fin- 
beam model of dimension 20 is obtained for simulation. The value of y and p  is chosen
to be 0.00001 and 100, respectively. The initial value of K is taken as 500. The damping 
coefficient is taken as ^  = 0.005.
Eigure 5.1 and Eigure 5.2 show the simulation results for terminal fin angle, 0* = 3°, 
with angle of attack -5°. Eigure 5.3 and Eigure 5.4 show the simulation results for 
terminal fin angle, 0* = 3°, with angle of attack 5°. It is observed that the fin angle 
asymptotically converges to the desired value in 1 second. The control input needed for 
the fin to deflect to an angle, 0 = 3 °  with angle of attack, a  = -5° is about 1100 volts, 
while that with a  = 5” is more than 1200 volts. We found that for larger fin angle 
command the control input needed is larger. We observe that there is no overshoot in the 
responses and the flexible modes reach their equilibrium values in the steady state, in 
both the cases.
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CHAPTER 6
EXPERIMENTAL RESULTS
6.1 Overall System
Voltage Fin angle
Sm art Fin
Encoder or D isplacement 
sen so rVoltage Amplifier
tiSPACE DSP RTI with 
MATLAB/Slmulink
Figure 6.1 Overall system
A laboratory model of the projectile fin has been developed for real-time tests in our 
laboratory. The prototype of the fin (NACA0026) with a chord of 7 inches and span of
4.2 inches is manufactured using Dimension SST 3D rapid prototyping machine. The 
piezoelectric actuator used is a Macro Fiber Composite (MFC actuator model M8557, 
Smart Material Co.) glued to a stainless steel substrate of thickness 0.01 inch and an 
experimental setup has been made in the laboratory for verifying the controllers with a 
real-time controller (dSPACE DS1102 controller board) as shown in the Figure 6.2. The 
control voltage is supplied to piezoelectric actuator through an amplifier within the range
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of -500 V to +1500 V, which is as per the specifications of the actuator. The rotation 
angle of the fin is calculated using a through-shaft incremental encoder (15T-05SB- 
1000N5QHV-F03, Encoder Product Co.), which gives a quadrature signal (A and B) with 
1000 counts per revolution. Specifications of each of the apparatus used for this 
experimental setup are presented in Appendix A.
The top and bottom closures of the fin are designed separately based on NACA0026 
profile to close the hollow fin with actuator enclosed. The leading edge of these closures 
are screwed to the leading surface of the hollow fin. The trailing edge of these closures 
are provided with a hole to have a hinge connection between actuator tip and the fin tip. 
The entire fin has the freedom of rotation about the rigid axle near to its leading edge as 
shown in Figure 6.2 and Figure 6.3. When a voltage is supplied to the actuator through 
the amplifier, the fin rotates about this fixed axle. The encoder gives the fin angle, which 
in turn is fed back to dSPACE channel to form the closed loop and implement controllers.
Figure 6.2 Experimental setup
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Figure 6.3 Actuator hinged at one end and fixed at the other end
6.2 System identification
The system identification toolbox in MATLAB is used to match the open loop 
response of the MFC actuator. Comparing the data, the actuator is identified to have three 
poles and a zero lying on the negative real- axis plane as shown in Figure 6.4.
Pole-Zero Map
Real A X IS
Figure 6.4 System identification, three poles, one zero
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6.3 Load generated by the actuator
The load generated by the actuator should be capable of withstanding the 
aerodynamic forces that the fin is subjected to as discussed in section 3.2. To measure the 
load generated by the actuator, a setup has been made in the laboratory using a load 
sensor (MDB -  10 sensor with TMO 2 signal conditioner. Transducer techniques) as 
shown in Figure 6.5.
€
Figure 6.5 Load sensor setup
Trials have been made using different actuator configurations (varying substrate 
thickness) to compare the actuator with more load and more fin angle. The substrate with 
thickness 0.008 inch, 0.01 inch and 0.01 inch with 10 slots as shown in Figure 6.7 are 
used and the resultant load curve is presented in Figure 6.6. Load curves for four different 
voltages, 1500 V, 1000 V, 750 V, -500 V have been shown. The moment generated by 
the actuator as shown in Figure 6.6 is capable of handling the aerodynamic forces that the 
fin is subjected to, as discussed in section 3.2.
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Figure 6.6 Load curve for various actuator configurations
S
Figure 6.7 Substrate with 10 slots
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6.4 Integral controller
For real-time control, a laboratory model of the projectile fin is developed and the 
integral controller is implemented. Single actuator glued substrate discussed in section 
2.2 is used for this experiment. The reference fin angle is set to 3° during this real-time 
simulation, as voltage is constrained to a maximum value of +1500V giving a maximum 
angle of 4.5 degrees for a thickness of 0.01 inch steel substrate. Higher fin angles can be 
achieved by choosing different configurations like bimorph configuration of the actuator, 
reducing thickness of the substrate, etc. The basic filter of the form (xs+l) ', with r  = 
0.0183 is used to reduce the noise of the signal coming from the encoder.
The block diagram of the control system in MATLAB/Simulink can be seen in Figure 
6.8. The result from the controller can be seen in Figure 6.9. It can be visualized that the 
fin is able to track the reference trajectory of 3° angle in 2 seconds. The simulation is 
carried out with a time step of 0.001 seconds. The gain used in the simulation is 1000. 
The small terminal error in the fin angle is due to the noise from the encoder. The voltage 
required to rotate the fin by 3° is around 900 V.
In teg ial
0.0019*1
7 ran sf« t Fcrt
3 .01839*1
a n a le _ d e o
[->□
—►
S um 2 S a tu ia tio n
d sp JM _ n o n n a t_ sc a l in g  inpu t_ sca ling
jjOACm 
DAC «2
2 ''21* (2*pù '1000y i80 /p i
E N C .P O S
channe l-tw se
D S1102E N C _P O S_C 1
ingular_v*locity  D erivalive
Figure 6.8 MATLAB/Simulink block diagram of Integral controller
59
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1500
1000
E
500
Time (sec)
3.5
•  2.5
0.5
Time (sec)
Figure 6.9 Reference fin angle of 3 degree with integral control
6.5 Adaptive controller
The adaptive controller discussed in section 5.2 is implemented in real-time over the 
described experimental setup of the smart fin. The reference fin angle is set to 3° during 
this real-time simulation. The basic filter of the form (Ts+1)'\ with x = 0.0183 is used to 
reduce the noise of the signal coming from the encoder. The feedback signal considered 
is of the form y = 0 + À^Ô, where is set to be 0.1. Notice that, here since we have set 
the controlled output as y = 0 + À^0 unlike Section 5.2, here y^ =0*.
Of course, the gain K used here can be related to K  of Section 5.2. Because the 
theoretical (ideal) model of Section 5.2 is only an approximate representation of the 
physical fin-beam system, the adaptation law developed in Section 5.2 must be modified
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to avoid parameter divergence caused by modeling error and sensor noise, etc. We have 
used a  -modification yielding the adaptation law given by
K = r~'ef -y - 'a K  (61)
where a  = 0.01. The initial value of K  is set to J^(0) = 10 and the filter parameter is p, 
= 100 and y = 1. The simulation is carried out at a time step of 0.001 seconds. Test results 
are shown in Figure 6.11. We observe that the fin angle is controlled very close to the 
target angle of 3°. The small terminal error is caused due to lack of sensor to measure Û. 
Here the derivative of the fin angle has been approximately obtained by digital 
differentiation.
—
Figure 6.10 MATLAB/Simulink block diagram of Adaptive controller
We have planned to implement a rate sensor in future. The time taken to track the 
reference trajectory is approximately 2 seconds. Aerodynamic moment is not yet included 
into the real-time simulation, but wind tunnel test is of interest in future.
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Figure 6.11 Reference fin angle of 3 degree with adaptive control
6.6 Fuzzy controller using HFSGA
The fuzzy controller discussed in section 4.2 is implemented in real-time over the 
described experimental setup of the smart fin. The reference fin angle is set to 3° during 
this real-time simulation. The basic filter of the form ( T S 4 - 1 ) ' \  with T -  0.0183 is used as 
shown in Figure 6.12, to reduce the noise of the signal coming from the encoder. The 
time step of 0.01 seconds is used during real-time simulation. The model parameters are 
tuned using HFSGA based on the experimental setup parameters. Figure 6.13 shows the 
plot for the fin angle following the reference of 3° in approximately 0.5 seconds. These 
are still preliminary results which are to be tuned further to have a smooth tracking and 
greater stability of the fin. The small terminal error is due to the noise from the encoder.
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CHAPTER 7 
CONCLUSIONS AND FUTURE WORK
7.1 Conclusions
In this study, a beam with a piezoelectric actuator is used to control the rotation angle 
of a rigid fin subject to external aerodynamic moment. The dynamics of the system is 
described using the finite element approach. The model of the fin-beam system includes 
the aerodynamic moment which is a function of angle of attack of the projectile. A state 
variable model using finite element method was obtained. Fuzzy logic and adaptive 
techniques were used to design the control algorithms to compensate the uncertainties 
and the aerodynamic moment. Simulation results show that the designed controllers 
accomplishes precise fin angle control in spite of uncertainties in the fin-beam 
parameters and the aerodynamic moment. The robustness of the controllers is verified. A 
laboratory model of the projectile fin was also developed and the designed controllers 
were implemented in real-time using DSP based dSPACE controller.
Successful implementation of fuzzy logic control depends on the availability of 
knowledge of the controlled system. For complex systems, such as a fin with a 
piezoelectric actuator, this knowledge may be lacking, which limits the scope of using 
fuzzy controllers. The fuzzy controllers designed in this work presents a method for 
adjusting ranges of the variables for the inputs and outputs of the fuzzy logic controller 
according to the system characteristics and desired motion using HFSGA and inverse
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dynamics equations. The relative shapes and distribution of membership functions with 
respect to each other are maintained fixed. The proposed method has the advantage of 
avoiding guessing acceptable ranges of the variables.
The adaptive servo regulator designed accomplishes the fin angle control inspite of 
the uncertainties of the system. Results show that the controller can successfully function 
under various operating conditions.
7.2 Future Work
The smart fin is subjected to aerodynamic forces and for verifying the controllers 
under this environment, experiments have to conducted using wind tunnel tests, which is 
certainly of interest in the future. The controllers are compared based on their 
performance in presence of aerodynamic disturbances. It would be more realistic if 
simple projectile dynamics is incorporated to the current dynamic model of the fin in 
addition to aerodynamic model. Investigation of incorporating MATLAB codes for 
control algorithms to ARL’s CFD codes. Implement real-time controllers using Quanser 
wireless control boards.
The other important objective of this research work is to increase the fin rotation 
angle. The variables that effect the rotation of fin angle under steady state condition are
- Single, Bimorph, or stacked double configuration.
- Young’s modulus of the substrate 
Thickness of the substrate
- Width of the substrate
Figure 7.1 shows the effect of single, bimorph, and stacked double configurations. Figure
7.2 shows the effect of thickness of the substrate and Young’s modulus on the fin rotation
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
angle. The experiments have to be made with various actuator configurations to achieve 
greater fin angle.
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Figure 7.1 Single, bimorph and stacked double configurations
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Figure 7.2 Effect of Young’s modulus and thickness of substrate over fin angle rotation
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APPENDIX A - EXPERIMENTAL APPARATUS
A. I Voltage amplifier
Electrical Specifications
- Voltage Output: -500V to +1500V
1 ^  Î j
- Power Output: 20W
- Frequency range: I Hz to I kHz
Smart Material High Voltage AC Module
Mechanical
- 350mm X 210mm X 110mm
y = 406.8x-I0I7 - I kilogram
'x' is input to amplifier
'y' is amplified output Other
- Operating temperature: I5°C to 50°C
A.2 MFC Actuator
Smart Material Co. Model 8557
Specifications
- Voltage Output: -500V to +1500V
- Power Output: 20W
- Frequency range: I Hz to I kHz
- ds3 = 4e2 pC/N
- d3 i = -I.7e2 pC/N
- Vmax = + 1500V
- Vmin = -500V
- Max. operating temp. < 66°C
- Tensile modulus = 30.34 Gpa
- Poisson’s ratio = 0.31
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A.3 Rapid prototyping machine
Dimension SST 3-D rapid prototyping 
machine
Specifications
- Fin Profile: NACA 0026
- Chord of 7 inches
- Span of 4.2 inches
A.4 Encoder
f
Encoder Product Co.
Through-shaft incremental encoder 
Specifications
-Model 15T-05SB- 1000N5QHV-F03
- A & B quadrature signal
- 1000 counts per revolution
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A.5 Optical displacement sensor
A"
Micro-Epsdon displacement sensor
Specifications
- Model optoNCDT 1400 laser sensor
- Measure distance without contact
using triangulation principle
- Start measuring range at 45 mm and 
end measuring range at 95 mm
A.6 dSPACE DS-1102 Controller board
dSPACE DSP controller board
Specifications
- 4 ADCs, 4 DACs
- ± 10 V input and output range
- 2 incremental encoder interfaces
- RS-232 interface
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APPENDIX B -  MATLAB® CODE
B.l test flc.m
%This function tests the flc produced by the Genetic Algorithm
function PI=general_opt(string); 
variable_num=3; 
center_num=2; 
shape_num=3;
% Result of 225 population and 75 generations. Performance index has more 
% weight for displacement. New specifications. Simulation time = 20 seconds
string=[0.020103838 0.075561486 0.0047742727 0.0019885417 444.3779...
73.476514 0.010739912 - 0 . 0 0 7 1 2 7 4 9 0 2  0 . 0 5 3 8 2 7 8 0 4  0.0086603232...
5.4525587E-4 0.0019468033 275.03386 142.81229 30.898982];
Centersstring(1 ;center_num*variable_num)
Shape=string(center_num*variable_num+l : (center_num+shape_num)*variable_num)
fismatl=readfis('sfflc3'); 
fismat2=fismatl;
fismat2.input(1).range=[-Center(1),Center(1)];
fismat2.input(2) .range=[-Center(l+center_num) ,Center(l+center_num)]; 
fismat2=setfis(fismat2, 'inmfparams ' , . . .
[ Shape(1 
Shape(2),
Shape(3),
Shape(2),
Shape(1),
Shape(l+shape_num) 
Shape(2+shape_num) 
Shape(3+shape_num) 
Shape(2+shape_num) 
Shape(l+shape_num)
, -Center(1);...
-Center(2);...
0 . 0 ; . . .
Center(2);...
Center(1);...
-Center(l+center_num);... 
-Center(2+center_num);... 
0 . 0 ; . . .
Center(2+center_num);... 
Center(l+center_num)]);
%change the parameters of du
fismat2.output(1) .range=[-Center(1+2 *center_num),Center(1+2 *center_num) 
fismat2=setfis(fismat2, 'outmfparams ' , . . .
[Shape(l+2*shape_num) 
Shape(2+2*shape_num), 
Shape(3+2*shape_num), 
Shape(2+2*shape_num), 
Shape(1+2*shape_num), 
writefis{fismat2,'sfflc4'
, -Center(l+2*center_num);... 
-Center(2+2*center_num);... 
0 . 0 ; . . .
Center(2+2*center_num);... 
Center(1+2*center_num)]);
) ;
PI=smart_fin_hinged_em_plot(fismat2)
B.2 smart_fin_hinged_em_plot.m
% This file simulates a hinged fin controlled by piezoelectric film and a beam 
that are hinged to the tip point of the fin
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function PI=smart_fin_hinged_PI(fismatl);
global A B C D n
global n;
global ui;
global Li;
global Eli;
global rhoi;
global c ;
global u;
global Jbl;
global Lbl;
electrode_spacing=0.5e-3 ;
n=5; %Define number of elements on the beam 
alpha=0; %Projectile angle of attack in degrees
beta=3; %Fin angle of attack in degrees
%Define time range and number of time steps
t0=0; %initial time
tf=20; %final time
td=2 ; %desired motion duration
tatip=0.5; %desired acceleration / deceleration duration
nt=400; %number of time steps
dt=(tf-tO)/nt; %time interval in each step
% define system parameters (any numbers we need correct values)
a=0.1094; %length of beam (m)
bb=0.075; %Width of the beam (m)
bp=0.057; %Width of the piezoelectric film (m)
hb=0.000254; %Height of the beam (m)
hp=0.0003; %Height of the piezoelectric film (m)
dxtip=(beta*pi/180)*a % Desired travel of the tip (m)
Eb=200*10^9; %Modulus of Elasticity of the beam (steel) (Pa)
Ep=30*10^9; %Modulus of Elasticity of the piezoelectric film (Pa)
d33=400*10"-12; %piezo-strain constant (m/volt)
%Assume that mass is uniformly distributed 
rhob=7730; %density of the beam (steel) (kg/m^3) 
rhop=7500; %density of the piezoelectric film (kg/m^3)
%Define mass moment of inertia of the blade about the hinge 
Jbl=0.001;
Lbl=0.145;
%Define the ranges of the FLC inputs 
maxipl=0.01; 
maxip2=0.023 6;
%delete the first two rows/columns
%w.r.t the first node due to displacement boundary condition 
reduced_var_num=2 *n;
%Input initial conditions. 
xO=zeros(2*reduced_var_num,1);
%Generate the system matrices 
var_num=2*(n+1);
%define the rank of each matrix 
sum_Mexi=zeros(var_num,var_num); 
sum_Kexi=zeros(var_num,var_num); 
sum_Fexi=zeros(var_num,1);
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sum_Ma=zeros(var_num,1);
for i=l:n
%Preliminary calculations 
Li=a/n; %length of each element (m)
rhoi=rhob*bb*hb+l*rhop*bp*hp;%linear mass density of each element
%Area moment of inertia calculations. Use an equivalent beam 
Ab=hb*bb; %area of the beam section
bpe=(Ep*bp)/Eb; %equivalent width of a similar section made of beam 
material
Ape=bpe*hp; %equivalent area of a similar section made of beam material
na=((Ape*hp/2) + (Ab*(0.5*hb+hp)))/(Ape+Ab) ; %neutral axis location 
%Ii=((bb*hb^3)/12)+2*((bpe*hp"3)/12) + (Ape*((0.5*hp+0.5*hb)-na)^2) ;
Ii=( (bb*hb''3)712) + (Ab*((0.5*hb+hp)-na)"2) + (( b p e * h p " 3 )712) + (Ape*((0.5*hp)- 
na) '"2 ) ;
EIi=Eb*Ii;
c=-d33 *0.5*(hb+hp)* (Eb*hb*Ep*hp*bp)7 (Ep*hp+Eb*hb); 
sum_Mexi=sum_Mexi+mexi(i); %generate the mass matrices
sum_Kexi=sum_Kexi+kexi(i); %generate the stiffness matrices
end;
%the total mass matrix 
M=sum_Mexi;
%the final stiffness matrix 
K=sum_Kexi;
%generate force matrix 
for i=l:n
sum_Fexi=sum_Fexi+fexi(i);
end
F=sum_Fexi;
%reduced the dynamical model based on the displacement boundary condition
reduced_M=M(3 :var_num,3 ;var_num) ;
reduced_K=K(3 :var_num,3:var_num) ;
inv_reduced_K=inv(reduced_K);
reduced_Ma=sum_Ma(3 :var_num);
for ii=3:var_num
reduced_F(ii-2,1)= F (ii,1);
end;
%Rearrange matrices 
iM=inv(reduced_M);
% Calculate acceleration and deceleration of the trolley 
at=dxtip7(tatip*td-tatip^2);
% The following loop will generate the desired motion of the tip 
for i=l:nt 
tl=i*dt;
time_i=(i-1)*dt; 
time_f=time_i+dt; 
time(i)=time_i;
% Calculate parameters of the desired tip motion 
% atip is the acceleration of the tip
% vtip is the velocity of the tip
% xtip is the travel of the tip
% This is the first acceleration stage
if time_i<tatip 
atip(i)=at; 
vtip (i)=at*time_i; 
xtip{i)=vtip(i )*time_i72;
% This is the steady speed stage
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elseif (time_i>=tatip) & (time_i<(td-tatip)) 
atip(i)=0; 
vtip(i)=at*tatip;
xtip(i)= (at*tatip^2)/2+at*tatip*(time_i-tatip);
% This is the deceleration stage 
elseif (time_i>=(td-tatip))& (time_i<=td) 
atip(i)=-at;
vtip(i)=at*tatip-at*(time_i-(td-tatip)); 
xtip(i)= (at*tatip^2)/2+at*tatip*(td- 
2*tatip)+ (at*tatip+vtip(i))*(time_i-(td-tatip))/2;
% The tip should remain in its place now
else
atip(i)=0 ; 
vtip(i)= 0 ; 
xtip(i)=dxtip;
end;
end;
%define input ranges
maxipl=abs(fismatl.input(1).range(1,2)); 
maxip2=abs(fismatl.input(2).range(1,2));
PI =0;
for i=l:nt
time_i=(i-1)*dt; 
time_f=(i)*dt; 
dt=time_f-time_i;
% This is the time overwhich the integration will take place
% tspan=[time_i,time_i+dt*0.5,time_f];
tl(i)=(i-l)*dt;
t=[(i-1)*dt,i*dt];
if i==l
edtip(i)=0 ; 
etip(i)=0 ;
else
etip(i)=xtip(i)-xx(i-l,2*n-l); 
edtip(i )=vtip(i)-xx{i-1,4*n-l);
end;
%ensure that inputs are within the range 
if etip(i)>maxipl 
ipl=maxipl; 
elseif etip(i)<-maxipl 
ipl=-maxipl;
else
ipl=etip(i);
end;
if edtip(i)>maxip2 
ip2=maxip2; 
elseif edtip(i)<-maxip2 
ip2=-maxip2;
else
ip2=edtip(i);
end;
% [maxipl,maxip2,etip(i),edtip(i),ipl,ip2] 
if i==l
ul(i)=0;
else
du(i)=evalfis([ipl,ip2],fismatl);
% [tl(i),ipl,ip2,d u {i )]
% Change of voltage to get the tip to the desired path 
ul(i)=ul(i-1)+du(i);
end;
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if i-=l
xO=xx(i-1,:)';
u=[ul(i-1);ul(i)]/electrode_spacing; 
else;
ef (1)=0; 
def(1)=0 ;
u = [0;ul(i)]/electrode_spacing;
end;
%
% Variable Description:
% A, B, C, D; system matrices in
xdot Ax + Bu, y = Cx + Du
% In case of a hinged end, the output is the tip point displacement, which 
can be transformed into fin angle
external_momentv=external_momentv* 0 ; 
external_momentc=external_momentc*0;
Mav=zeros(2*n,2*n);
Mav((2*n)-1,(2*n)-1)=external_momentv/a;
Mac=zeros(2*n,1);
M a c ((2*n)-1,1)=external_momentc/a;
% reduced_F(var_num-2,1)=reduced_F(var_num-2,1)+external_moment;
F_ext=reduced_F;
% F_ext(2*n,l)=F_ext(2*n,l)*ul(i);
% [reduced_F(var_num-2,1),external_moment]
A=[zeros(2*n),eye(2*n);-iM*reduced_K+iM*Mav,zeros(2*n) ] ;
B=[zeros(2*n,1);iM*(F_ext)];
E=[zeros(2*n,1);iM*(Mac)];
M0=[zeros(2*n,1);iM*(reduced_Ma)];
C=zeros(1,4*n);
C(l,2*n-l)=l;
D=[0];
[xxx,yyy]=felresp_mod(A,B,E,C,D,xO,u,t);
X X (i ,:)=xxx(2,:);
y y (i ,:)=yyy(2,:);
PI=PI+(etip(i)^2+0.l*edtip(i)^2)*dt;
end ;
%plot the tip displacement
figure
zoom on;
plot(tl,yy/a,tl,xtip/a, 'r—  ') 
legend('actual','desired');
title('fin activated by a hinged piezoelectric beam'); 
xlabel('time (s )'); 
ylabel('fin angle(rad)');
%plot the tip velocity
figure
zoom on;
plot(tl,X X (:,4*n-l)/a,'r--',tl,vtip/a)
% disp('tl,X X (:,4*n-l)/a')
% [tl xx(:,4*n-l) '/a] 
legend('actual','desired');
title('fin activated by a hinged piezoelectric beam'); 
xlabel('time (s )');
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ylabel('fin angular velocity(rad/s)');
figure
zoom on
plot(tl,ul)
title('fin activated by a hinged piezoelectric beam');
xlabel('time(s )');
ylabel('voltage(V)');
figure
zoom on
plot(tl,du)
title('fin activated by a hinged piezoelectric beam ' ) ;
xlabel('time(s)');
ylabel{'change in voltage(V)');
B.3 mexi.m
function Mexi=mexi(i)
%This matrix generates mass matrix of an element i and expands it.
global n;
global ui;
global Li;
global Eli;
global rhoi;
global c ;
global u;
global ui;
global iM;
global C ;
global K;
global D;
global Jbl;
global Lbl;
%Define matrix size 
var_num=2*(n+1);
% Initialize the matrices 
Mvi=zeros(4,4);
Mexi=zeros(var_num,var_num);
rho=rhoi; 
X_i=Li*(i-1) 
tl = rho*Li; 
if(i~=n)
Mvi(1,1) 
Mvi(1,2) 
Mvi(1,3) 
Mvi(1,4) 
Mvi(2,1) 
Mvi(2,2) 
Mvi(2,3) 
Mvi(2,4) 
Mvi(3,1) 
Mvi(3,2) 
Mvi(3,3) 
Mvi(3,4) 
Mvi(4,1) 
Mvi(4,2) 
Mvi(4,3) 
Mvi(4,4)
t2 = Li*Li; t3 = rho*t2; t5 = rho*t2*Li;
= 13.0/35.0*tl;
= 11.0/210.0*t3;
= 9.0/70.0*tl;
= -13.0/420.Q*t3;
= 11.0/210.0*t3;
= t5/105;
= 13.0/420.0*t3;
= -t5/140;
= 9.0/70.0*tl;
= 1 3 . 0 / 4 2 0 . 0 * t 3 ;
= 13.0/35.0*tl;
= -11.0/210.0*t3;
= -13.0/420.0*t3;
= -t5/140;
= -11.0/210.0*t3;
= t5/105;
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else
Mvi(1,1) = 13.0/35.0*tl;
M vi(1,2) = 11.0/210.0*t3;
M vi(1,3) = 9.0/70.0*tl;
M v i (1,4) = - 1 3 . 0 / 4 2 0 . 0 * t 3 ;
Mvi(2,1) = 11.0/210.0*t3;
M v i (2,2) = t5/105;
Mvi(2,3) = 1 3 . 0 / 4 2 0 . 0 * t 3 ;
M v i (2,4) = -t5/140;
Mvi(3,1) = 9 . 0 / 7 0 . 0 * t l ;
Mvi(3,2) = 13.0/420.0*t3;
Mvi(3,3) = 13.0/35.0*tl+(Jbl/Lbl^2);
Mvi(3,4) = - 1 1 . 0 / 2 1 0 . 0 * t 3 ;
Mvi(4,1) = - 1 3 . 0 / 4 2 0 . 0 * t 3 ;
Mvi(4,2) = -t5/140;
Mvi(4,3) = -11.0/210.0*t3;
Mvi(4,4) = t5/105;
end;
%Expand mass matrix in terms of the global coordinates
Mexi(2 * i-1; 2*i+2,2*i-l:2*i+2)=Mvi;
B.4 kexi.m
function Kexi=kexi(i)
%This matrix generates stiffness matrix of an element i and expands it.
global n; 
global ui; 
global Li; 
global Eli ; 
global rhoi; 
global c ; 
global u;
global ui; 
global iM; 
global C; 
global K; 
global D;
%Define matrix size 
var_num=2*(n+1) ;
EIvi=EIi;
% Initialize the matrices 
Kvi = zeros(4,4) ;
Kexi=zeros(var_num,var_num);
X_i=Li*(i-1);
%C(Kvi,optimized); 
tl = Li*Li; 
t4 = EIvi/tl/Li; 
t6 = Elvi/tl; 
t8 = EIvi/Li;
Kvi(1,1) = 12.0*t4;
Kvi(1,3) 
Kvi(2,1) 
Kvi(2,3) 
Kvi(3,1) 
K v i ( 3 , 3 )  
Kvi(4,1)
-12.0*t4; 
6.0*t6;
-  6  . 0  *  1 6 ; 
-12.0*t4; 
12.0*t4;
6.0*t6 ;
Kv i (1,2) 
Kv i (1,4) 
Kv i (2,2) 
Kvi(2,4) 
Kvi(3,2) 
Kv i (3,4) 
Kv i (4,2)
6.0*t6 
6.0*t6 
4.0*t8 
2 . 0 * t 8
-6.0*t6 
-6.0*t6 
2.0*t8;
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Kvi(4,3) -6 . 0*t6 ; Kvi(4,4) = 4.0*t8;
%Expand stiffness matrix in terms of the global coordinates 
Kexi(2*i-l:2*i+2,2*i-l:2*i+2)=Kvi;
B.5 fexi.m
function Fexi=fexi(i)
%This matrix generates mass matrix of an element i and expands it.
global n; 
global ui; 
global Li; 
global Eli ; 
global rhoi; 
global c; 
global u;
global ui; 
global iM; 
global C; 
global K; 
global D; 
global Jbl; 
global Lbl;
%Define matrix size 
var_num=2*(n+1);
% Initialize the matrices 
Fexi=zeros(var_num,1);
Fvi = -c*[0 ;-1; 0 ; 1];
%end;
%Expand matrix in terms of the global coordinates 
Fexi(2 *i-l:2*i+2,1)=Fvi;
B.6 felresp_mod.m
function [x,y]=felresp(A,B,E,C,D,xO,u,t)
% Purpose ;
% find the time response of a linear system driveny by initial condition
% and external input. The numerical algorithm used in this program is zero
holder approximation
% for control input for discretized system.
Synopsis ;
[x,y]=felresp(A,B,C,D,xO,u,t)
Variable Description;
A, B, C, D; system matrices in
xdot = Ax + Bu + E, y = Cx + Du
xO; initial condition vector for the state variables 
t ; integration time at equal distance as t=0:dt:tf
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% dt- time step, tf - final time
% u ; control input vector with as many rows as the size of t
% x(y) ; state(output) vector
%
% Notes :
% The control input vector must have as many columns as the number of input
[n,m]=size(B);
Transform into discrete equation by zero-holder approximation
Ts=t(2)-t(l);
Phi=expm(A*Ts);
Gamma=inv(A)* (Phi-eye(n))* B;
Gammal=inv(A)* (Phi-eye(n))*E;
nc=max(size(t));
x=zeros(nc,n); 
tx=zeros(n,1);
xi=xO; 
tx=xi;
% Calculate time responses x first
for i=l:nc
X (i,:)=tx';
tx=Phi*tx+Gamma*u(i,:)'+Gammal;
end
% Calculate the output response by using y=Cx+Du 
y=(C*x'+D*u')';
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